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Abstract   
A charge density wave (CDW) ground state is observed in polycrystalline Cu2Se below 125 K, which 
corresponds to an energy gap of 40.9 meV and an electron-phonon coupling constant of 0.6. Due to the 
polycrystalline structure, the Peierls transition process has been expanded to a wide temperature range 
from 90 to 160 K. The Hall carrier concentration shows a continuous decrease from 2.1×1020 to 1.6×1020 
cm-3 in the temperature range from 160 K to 80 K, while almost unchanged above 160 K and below 90 
K. After entering the CDW ground state, a wave-like fluctuation was observed in the I-V curve near 50 
K, which exhibits as a periodic negative differential resistivity in an applied electric field due to the 
current. We also investigated the doping effect of Zn, Ni, and Te on the CDW ground state. Both Zn and 
Ni doped Cu2Se show a CDW character with increased energy gap and electron-phonon coupling 
constant, but no notable Peierls transition was observed in Te doped Cu2Se. Similar wave-like I-V curve 
was also seen in Cu1.98Zn0.02Se near 40 K. The regular fluctuation in dc I-V curve was not magnetic field 
sensitive, but temperature and sample size sensitive. 
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Charge density wave (CDW) is a periodic modulation of the electronic charge density with an 
accompanying lattice structure distortion, resulting from the formation of electron-hole pair at the Fermi 
surface due to the instability of the lattice structure, which is usually induced by a perfect nesting on the 
Fermi surface. The pair formation is very similar to the Cooper pair formation in superconductors, and 
the BCS description and estimation are suitable here.[1-3] The appearance of CDW fluctuation is 
considered as a continuous transition, i.e., Peierls transition, due to the re-arrangement of electronic 
wave functions driven by the strong phonon-electron interactions at low temperature. The CDW is 
usually observed in single crystalline materials with layered or chain sub-crystalline structures, such as 
NbSe3 [4-6], TaS3 [7], K0.3MoO3 [8], (TaSe4)2I [9], KNi2S2 [10] and La1.9Sr0.1CuO4 [11]. Due to the appearance 
of CDW, abnormal temperature dependent electrical resistivity and also nonlinear I-V curve beyond the 
threshold electric field were observed [4-9]. Additionally, the coupling effect between electron and 
phonon was also confirmed by the magnetic susceptibility [12] and heat capacity measurements [13]. 
However, the ground state with charge density wave is quite weak, which could be broken or depinned 
by electric field [5-9], magnetic field [14], and pressure [4]. The CDW fluctuation is, therefore, 
experimentally observed only in high pure single crystalline thin samples such as films or whiskers.  
The CDW fluctuation could be smeared out as the materials going from 2D-film to 3D-bulk [2], 
and also as the materials going from single crystals to polycrystals.[15] Here, we reported a new CDW 
ground state was observed in Cu2Se in a polycrystalline bulk near 125 K. The coupling strength was 
interpreted by the amplification of the resistivity hump near the transition temperature. The Hall effect 
measurements suggest the Peierls transition starting near 160 K and ending near 90 K. After Cu2Se 
enters a new CDW ground state, a negative differential resistivity is observed in the dc I-V curve within 
the critical electric field near 50 K for the first time. 
The bulk polycrystalline Cu2Se samples were synthesized by mechanical ball milling (BM) and 
hot pressing (HP) at 700 oC. The synthesis technique is similar to our previous work [16]. The typical 
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grain size of as-fabricated sample is on the order of 1-2 μm. LR-700 AC Bridge from Linear Research 
Inc. is used to perform the electrical resistivity and Hall coefficient measurements from 5 to 300 K. The 
dc I-V curve of the sample is measured by the standard 4-probe method with Keithley 224 current 
source, and Agilent 34410A 6½ Digit multimeter or Keithley 2182A nanovoltmeter. In all temperature 
dependent experiments the temperature is controlled and monitored by PPMS with a sweeping speed of 
0.5 K/min. 
      Fig. 1(a) shows the powders XRD pattern of the polycrystalline Cu2Se made by ball milling and 
hot pressing. The XRD measurement was conducted on a Brucker D2 PHASER system at room 
temperature with a scanning speed of 10 seconds per/step (step size = 0.014°). Rietveld refinement was 
done in Fullprof suite by using monoclinic structure (space group C2/c, No. 15) as the starting structure, 
which was recently proposed by Gulay [17]. The monoclinic α-Cu2Se shows a lamella sub-lattice 
structure along ab-plane, which is similar to its high temperature cubic β-Cu2Se [16]. The interesting 
feature of each lamella is the hexagonal-ring chain made by Cu3Se3, which is outlined in stick mode 
crystalline structure, as shown in the Fig1. (b). However, the direction of connected Cu3Se3 chain 
between two lamellas is different. The one-dimensional hexagonal ring chain could generate the 
electronic density instability associated with the electron-phonon coupling effect. Fig. 1(c) shows the 
temperature dependent electrical resistivity of a typical polycrystalline Cu2Se. Reversible non-linear 
temperature dependent electrical transport properties are observed. Below the room temperature, the 
resistivity initially shows the behavior of a diffusion-controlling metal-like behavior, corresponding to 
nearly an unchanged carrier concentration and increased carrier mobility with temperature as shown in 
Fig. 2. The electrical resistivity starts to deviate from such behavior when temperature goes down to 
near 160 K and forms a “hump” in temperature range from 160 K down to 80 K. A similar abnormity in 
dc electrical resistivity was characterized as the appearance of CDW fluctuation in NbSe3, TaS3 and 
K0.3MoO3 [4-9]. Additionally, a hysteresis loop in the temperature dependent electrical resistivity was 
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observed in the range of 80 – 160 K. Conventionally, the sharp peak in the curve of logarithmic 
derivative of electrical resistivity (ln ρ, or log ρ) with respect to reciprocal temperature 1/T, i.e., d{ln 
ρ(T)}/d(1/T) versus T, was used to define the character temperature of the Peierls transition. By applying 
the same method, we determined the transition temperature Tc is 125 K, as shown in the Fig 1(d). Due to 
the polycrystalline structure, the Peierls transition process has a widely expanded temperature range 
from 160 K to 90 K. 
      According to the mean field theory [2], the elevated electrical resistivity with decreasing 
temperature, follows the activation energy relationship, i.e., ( )exp / Bk Tρ ∝ ∆  where the Δ is the 
effective energy gap due to the CDW. The energy gap could be obtained by extracting the slope of the 
curve of ln ρ vs. 1/T. Fig. 1(e) shows the numerical calculation of the Δ by using a differential step value 
δT = 1 K, and shows a temperature dependent energy gap of Δ = 40.9-0.265T (meV). We note that the 
exact physical meaning of the temperature dependent Δ(T) is not clear. It could be an average result of 
all the grains or domains with and without an open gap. The saturated energy gap at zero temperature is 
estimated to be 40.9 meV by applying the T0 according to the linear relationship. Fig. 1(e) compares 
the saturated energy gap of Cu2Se with other reported CDW materials as a function of their Peierls 
transition temperature. The value of Δ/kBTc for all the samples is larger than the theoretical 
Bardeen-Cooper-Schrieffer (BCS) relationship, i.e., 2 3.52 MFB CDWk TB= , which means that the real 
observed Peierls transition temperature is much lower than the theoretical value based on the mean field 
theory. Furthermore, the electron-phonon coupling constant λ and the coherent length of electron-hole 
pair ξ0 of the CDW ground state could be estimated within the free electron model by using the 
following relationships,[2]  
             1/2 Fe
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where ħ is the reduced Plank constant, m0 is the free electron mass, and n is the carrier concentration at 
zero temperature. By using the Hall carrier concentration near 90 K, i.e., n = 1.6 x1020 cm-3, to Eq. (1 – 
4), we derive the characterized parameters: εF = 0.11 eV, υF = 1.94×107 cm s-1, λ = 0.6, and ξ0 = 1 nm. 
Interestingly, the reported CDW materials are separated into two groups in the map of coupling constant 
versus transition temperature as shown in Fig. 1(f). Cu2Se falls in the group with NbSe3 and TaS3, while 
other materials such as K0.3MoO3, KCP, and (TaSe4)I get into another group. The coherent length of 
electron-hole pair ξ0 of Cu2Se is one order of magnitude less than K0.3MoO3 and (TaSe4)2I, and also 6 
times less than NbSe3. The ξ0 of as-fabricated Cu2Se is much smaller than the grain size of 1 μm, which 
could explain why we are able to observe the CDW in poly-crystalline Cu2Se. We also show the direct 
measurement of a cold pressed sample from the Cu2Se nanopowder. It is found that non-linear electrical 
resistivity due to CDW fluctuation is significantly suppressed. A restored CDW ground state was seen 
by annealing the cold pressed sample, which demonstrates the behavior of the cold pressed sample as 
the nano grains merged into micro grains. The typical grain size of our cold pressed sample is in the 
order of 100 nm, measured by JEOL JSM-6340F Field Emission Scanning Electron Microscope. 
      Fig. 2 shows a greater detail of Hall measurements of Cu2Se, which demonstrates several 
complicated features near the Peierls transition. The Hall carrier concentration of Cu2Se, as shown in Fig. 
2 (a), is almost a constant as the temperature decreases from room temperature to 160 K, and then 
gradually decreases from 2.1×1020 cm-3 to 1.6×1020 cm-3 as the temperature further goes down from 160 
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K to around 90 K, and finally reaches a stable value below 90 K. The decreasing carrier concentration 
from 160 K to 90 K was interpreted as the appearance of the charge density wave, which corresponds to 
the formation of electron-hole pairs in real space and a decrease of the area of the Fermi surface in 
reciprocal space. In addition, in Fig. 2 (b), the carrier mobility also shows three stages in the temperature 
dependent curve, which is consistent with the variation of the carrier concentration. Near room 
temperature, the temperature dependent carrier mobility shows a typical degenerated semiconductor 
behavior with acoustic phonon scattering, i.e., r = 0.8-1.2 in the relationship of rTµ −∝ at this 
temperature range. The power index shows a continuous decrease to almost zero when temperature goes 
from 300 K to 160 K, which may due to the onset of the CDW. During the phase transition temperature 
range from 160 K to 90 K, carrier mobility is nearly flat. After entering the CDW ground state, the 
carrier mobility starts to rise again in a more gentle way. The electrical resistivity does not follow the 
relationship of as expected for a normal metal. The temperature dependent carrier 
concentration and carrier mobility divide the temperature range into three regions according to the 
electronic controlling mechanism: diffusive region, mixture region, ballistic-like region. Fig. 2(c-g) 
shows the I-V curve at different temperatures from these three temperature regions. In the diffusive 
controlling region, the I-V curve at temperature of 200 K or 160 K shows a good linear behavior. 
Conventionally, a dc I-V curve was used to identify the threshold, or the critical electric field, Ec of the 
CDW [2, 6, 9]. The I-V curve of materials with CDW ground state usually behaves a linear relationship 
when the current is small, which corresponds to a constant differential resistance dV/dI. As the applied 
electric field exceeds a threshold, the dV/dI becomes significantly decreased with the continuous 
increasing applied electric field and enters a nonlinear I-V regime. However, we did not observe such 
nonlinear I-V curve at 90 K. One of the reasons may be due to the high electrical conductance of the 
Cu2Se sample we measured (~0.02 Ω), so the highest electric field could be applied is limited by the 
constant current source. Currently, the highest electric field is only 3×10-5 V cm-1, which is much less 
2Tρ −∝
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than a typical Ec of 8.7×10-2 V cm-1 for Nb3Se [6] and 1.2 V cm-1 for (TaSe4)2I [9]. We also made another 
thinner Cu2Se sample with a 10 times larger electrical resistance (~0.2 Ω) and raise the applied electric 
field to ~3×10-4 V cm-1. However, we still did not observe the decrease in differential electrical 
resistivity with increasing applied electric field. As we continued to measure the I-V curve at lower 
temperatures, a wave-like I-V curve was observed near 50 K with a period of ~100 μA and amplitude of 
2 μV, as shown in Fig. 2(c). A negative differential resistance dV/dI at each wave was identified. To our 
best knowledge, such regular oscillations in dc I-V curve have not yet been reported in Cu2Se and also 
other materials. 
      Fig. 3 shows more I-V curves of Cu2Se near 50 K measured under different conditions. Fig. 3(a) 
shows that the wave-like I-V curve is repeatable, not a one-time result, in which the second 
measurement is conducted several days after the first measurement and with a little shift compared with 
the first one. In the second measurement, shown in Fig. 1S, the I-V curve at four different temperatures 
of 200 K, 120 K, 50 K, and 30 K were measured. Only the I-V curve near 50 K shows the notable 
wave-like feature, while the ones measured at 120 K and 200 K only show normal linear relationship. It 
is noted that the I-V curve at 30 K still shows a weak oscillation as shown in the Fig.1S. In order to 
confirm our measurement, we prepared another thin sample with resistance of 0.2 Ω as shown in Fig. 
3(b). For the thin sample a narrower temperature range was detected. The wave-like I-V curves was 
observed at the temperatures of 50 K, 48 K, and 30 K, but not at 52 K and 90 K. Furthermore, the period 
of the fluctuation is increased as the temperature decreases from 50 K to 30 K. It is suggested that the 
regular fluctuation is highly sensitive to the temperature. On the other hand, the amplitude of the 
fluctuation of the thin sample (0.2 Ω) is smaller than the thick one (0.02 Ω), i.e., the differential 
resistance or resistivity drops below zero for 0.02 Ω while it is still positive for 0.2 Ω, which suggested 
that the phenomena we observed is also sample size related. In order to exclude the possibility that the 
signal we observed may come from the equipment, we have done similar I-V curve measurement for a 
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standard resistor (1 Ω) from 30 K to 200 K, but we did not find any wave-like, or any noise-like, but 
only perfect linear I-V curves, e.g. at 50 K, as shown in the Fig. 2S.   
The effect of the magnetic field and the electrical field on the wave-like I-V curve was further 
investigated, as shown in the Fig. 3(c-d). Under the magnetic field of 9 T, the period and amplitude of 
the fluctuation in the I-V curve is nearly unchanged when the current is less than 500 μA. According to 
the shift shown in Fig. 3 (a), the superposition of the beginning pars of two curves in Fig. 3 (c) is better 
regarded as a coincidence. It seems the shift cannot be eliminated, the measurements were performed on 
the third sample (0.03 Ω) as shown in Fig. 3S, and the shifts were still observed. However, the 
fluctuation period decreases by a little bit when current is higher than 500 μA. It seems that the electrical 
field may play a more important role to change the electronic transport behaviors in CDW ground state. 
We have applied electrical field of 1.5 ×10-4 V cm-1 on the thin sample (0.2 Ω) over 5 hrs. at 50 K, and 
then re-measured the I-V curve. Surprisingly, the wave-like feature in the I-V curve disappeared, as 
shown in Fig. 3(d).  
      It is well-known that a noise-like fluctuation in the dV/dI was widely observed in the NbSe3, 
TaS3, and K0.3MoO3 as a result of the collective moving of the CDW when the applied electric field is 
higher than the critical field Ec [5, 7, 8]. However, the applied electrical field in our measurement is far less 
than the threshold value Ec. The fluctuation we observed is very regular, rather than an electronic noise. 
Another noticeable phenomenon is the Shapiro steps in the dc I-V curves when an rf-frequency ac signal 
was applied to the samples [18-21]. However, these steps can only be observed when the ac signal is 
nonzero due to its interference nature. The Shapiro steps do create a fluctuation in the differential 
resistance dV/dI, but not a negative dV/dI. Furthermore, the amplitude of the sub-harmonics decreases 
with an increasing dc electric field. In contrast, our measurement is only conducted under stable dc 
electric field step by step with a step current of 5 μA. At each step, a waiting time of 15 sec was set to 
wait for the voltage value becoming stable in our constant current measurement mode. The amplitude 
9 
 
and period of the wave we observed did not show a notable decay with increasing current. Furthermore, 
a negative differential resistance was observed at each wave peak. One of the possible mechanisms for 
the wave-like I-V curve could be related to the special periodic modulation of the electronic charge 
density in CDW ground state, and also the formation of electron-hole pairs due to the nesting on the 
Fermi surface, which may result in a local carrier concentration, or carrier mobility jump as the Fermi 
energy across the gap with rising applied dc electric field. We note that the negative differential 
resistivity phenomenon is usually observed in a molecular conductor, in which a ballistic mechanism is 
dominant in the electronic transport [23]. Recently, a negative differential resistivity was also reported in 
a CDW material BaIrO3 single crystal at 4.2 K [24]. However, only one peak was observed in Nakano’s 
I-V curve. The observed negative differential resistivity in Cu2Se, which is related to a regular applied 
electric field, is still unique. We believed that the onset of wave-like fluctuation of I-V curve in Cu2Se 
should be a new material-related phenomenon.   
Fig. 4(a) shows the doping effect on CDW fluctuation of Cu2Se. The first investigation was to 
add extra Se (which is equal to the Cu deficiency) to increase the hole concentration from 2.1x1020 cm-3 
to 2.5x1020 cm-3. A similar “hump” in the electrical resistivity was seen throughout the Peierls transition 
but the temperature was increased from 125 to 138 K. We also note that in an early work on Cu1.7-1.8Se 
(p=3.0 x1021 cm-3) the data shows a similar but irreversible “hump” in electrical resistivity near 180 K 
[18]. It seems the increased carrier concentration could influence the transition temperature. Recently, a 
theoretical study suggested that a phase transition due to the CDW may exist in Cu2Se near 120 K [18]. 
Zn has one more valance electron than Cu, while Ni has one valance electron less than Cu, both of 
which will significantly change the carrier concentration of the Cu2Se. Both samples with Zn and Ni 
have shown notable Peierls transition near 130 K, which is slightly higher than the pure Cu2Se, and 
resulted in a carrier concentration and mobility decrease near the Peierls transition as shown in the Fig. 
4(b). Furthermore, Cu1.98Zn0.02Se has the largest electron-phonon coupling constant of 0.65, while 
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Cu1.9Ni0.1Se has the largest saturated energy gap of 61.2 meV. The way of Zn and Ni influencing the 
CDW is different from the Cu vacancy. Besides tuning the electrons, we also partially substituted the Se 
with Te allowing for increased phonon scattering and also breaking the perfect nesting on Fermi surface. 
No evident Peierls transition was seen in the sample Cu2Se0.9Te0.1. The suppression of propagation 
phonon owing to the alloying effect breaks the electron-phonon coupling, meanwhile the substitution of 
Se by Te in the lattice structure results in the removal of the induced subsequent lattice instability. Fig 
4(c) shows the I-V curve of the sample Cu1.98Zn0.02Se is conducted over a wide temperature range, and a 
similar wave-like fluctuation was still observed at the temperature below 40 K. It seems that the onset 
temperature of wave-like fluctuation is sensitive to the dopants. The derived wave-like I-V curve of 
Cu1.98Zn0.02Se at 40K, we clearly see a negative differential resistance, as shown in the Fig. 4 (d). We 
still have no idea about the clear picture of this negative differential resistance. However, we believed 
what we observed is a materials related new phenomena, which could be a new quantum effect or strong 
electron-phonon coupling effect in the CDW ground state. Such kind of wave-like fluctuation in the I-V 
curve may provide a new way to probe the new electronic transport phenomena of the CDW ground 
state. 
  
Conclusions 
A Peierls transition was identified in polycrystalline Cu2Se near 125 K according to the nonlinear 
electrical resistivity, carrier concentration and also carrier mobility. The characteristic parameters of the 
charge density wave in the polycrystalline Cu2Se was calculated to show a saturated energy gap Δ of 
40.9 meV at zero temperature, the electron-phonon coupling constant λ of 0.6 and the coherent length of 
electron-hole pair of ξ0 ~ 1 nm. After entering the new CDW ground state below 90 K, a negative 
differential resistivity was identified with a regular fluctuation of the I-V curve. The regular fluctuation 
in dc I-V curve was not magnetic field sensitive, but temperature and sample size sensitive. The 
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wave-like fluctuation is different from the conventional electronic noise observed above the threshold Ec, 
and also the Shaprio step with a finite applied ac field. Both the Zn and Ni doped Cu2Se show CDW 
characters with increased energy gap and electron-phonon coupling constant. No notable Peierls 
transition was identified from the temperature dependent resistivity and Hall measurement in Te doped 
Cu2Se. Similar wave-like I-V curve was also seen in the Cu1.98Zn0.02Se near 40 K, which suggests that 
the onset of wave-like fluctuation of I-V curve in Cu2Se should be a material-related new phenomenon. 
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Table 1, Charge-density-wave related Peierls transition temperature TP, saturated energy gap EΔ, 
electron-phonon coupling constant λ, and the temperature Twave observing the wave-like fluctuation in 
the I-V curve.  
 
Sample TP EΔ λ Twave 
[K] [meV] [/] [K] 
Cu2Se 125 40.9 0.54 50 
Cu2Se-Zn 131 54.8 0.65 40 
Cu2Se-Ni 128 61.2 0.63 n.a 
Cu2Se1.02 138 40.4 0.51 n.a 
n.a.: not available right now.  
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Figure 1. (a) Powder XRD pattern of as-fabricated polycrystalline Cu2Se at room temperature, in which the 
calculated pattern is based on a monoclinic structure C2/c (No. 15). The refine structure (Rp =2.48 %, Rw=3.33 %, 
Rexp = 0.44 %) shows the Cu2Se has a monoclinic unit cell (a = 7.1310 Ǻ, b = 12.3517 Ǻ, c = 27.2880 Ǻ, α = γ = 
90o, β = 94.39o). (b) The atomic structure of monoclinic Cu2Se in stick mode with hexagonal-ring chain is shown 
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with the atoms, in which the green ones are Se atoms, blue ones are Cu atoms. (c) Temperature dependent 
electrical resistivity is measured in both cooling and heating. (d) Temperature dependence of d(ln ρ)/d(1/T). The 
inset is the varying Hall carrier concentration in the Peierls transition process. (e) Saturated energy gap due to 
CDW at 0 K as a function of the transition temperature for Cu2Se and other CDW materials. (f) Electron-phonon 
coupling constant as a function of the transition temperature for Cu2Se and other CDW materials. The saturated 
energy gap and electron-phonon coupling constants of NbSe3, TaS3, K0.03MoO3, KCP, (TaS4)2I were adapted 
from Ref. 2.  
 
 
Figure 2, Temperature dependent Hall carrier concentration (a) and mobility (b), a standard 4-probe Hall 
resistance method was performed, measurements were carried out in both +6 T and -6 T magnetic field, in order 
to eliminate the asymmetric effect from the 2 voltage leads. (c-g) I-V curves at different temperatures, in which 
regular fluctuations only appear at 50 K, detailed information can be found in the supplementary materials of this 
article. 
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Figure 3, Regular fluctuations of I-V curves in the CDW ground state of Cu2Se polycrystalline. (a) Repeatable 
wave-like I-V curve of Cu2Se measured at 50 K for the thick sample with resistance of ~0.02 Ω, (b) I-V curves at 
different temperatures for the thin Cu2Se sample with resistance of ~0.2 Ω, which are artificially shifted by 10 μV 
for 48 K, 20 μV for 50 K, 30 μV for 52 K, and 40 μV for 90 K to separate the I-V curves, respectively, (c) weak 
magnetic field effect on the I-V curve of the Cu2Se measured at 50 K for the thick sample with resistance of ~0.02 
Ω, (d) effect of the applied large current on the I-V curve of the thin Cu2Se sample measured at 50 K. 
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Figure 4, Temperature dependent electrical properties of Cu2Se with different dopants: (a) electrical resistivity, 
(b) carrier concentration, (c), I-V curves of sample Cu1.98Zn0.02Se, (d) differential resistance dV/dI of 
Cu1.98Zn0.02Se at 40 K. The I-V curves in (c) are artificially shifted by 3 μV for 35 K, 6 μV for 40 K, 9 μV for 45 
K, and 12 μV for 50 K to separate the I-V curves. 
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Fig. 1S, Second measurement of the I-V curves of the Cu2Se thick sample (~0.02 Ω) with artificially shifted by 5 
μV for 30 K, 10 μV for 50 K, 15 μV for 120 K, and 20 μV for 200 K to separate the I-V curves, respectively. 
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Fig. 2S, The I-V curve of the 1 Ω standard resistor at 50 K, and a straight line was observed. It behaves in a 
perfect linear relationship, which conclude us that the wave-like fluctuation is the effect from the polycrystalline 
sample, not from the measuring circuit. 
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Fig. 3S, Measurements of I-V curves of the third Cu2Se hot press sample (~0.03 Ω) by Keithley 2182A nano 
voltmeter. It shows an obvious shift between two measured I-V curves of the third Cu2Se sample (~0.03 Ω). 
However, the fluctuation period and amplitude are close. 
